Abstract
simulated genome. By repeating this process, we got results in different depth simulated data 150 to assess the sensitivity and specificity RIPs detection in sequence data with distinct depth 151 using SID. 152
Subfamily, length and orientation annotation of the inserted retrotransposons 153
Subfamily annotation of RIPs was performed according to known active retrotransposons. We 154 first constructed a comprehensive retrotransposons sequence library: Alu subfamily 155 consensus sequences were acquired from RepBase 17.07 [24] , L1 subfamily consensus 156 sequences were acquired from Eunjung Lee [10] , SVA and LTR consensus sequences were 157 acquired from Baillie [27] . Next, we did the multiple subfamily sequence alignment of each type 158 of retrotransposon and discovered the diagnosis position of each subfamily (for details see 159
Additional file 1: Table S2-4). To ensure the complete diagnosis positions in each subfamily 160 sequence, we used Ns to fill the gaps of each subfamily sequence that did not harbor the 161 diagnosis positions sites. Specially, we discovered the diagnosis position of L1 from previous 162 studies [28] [29] [30] [31] . 163 We then assembled the 'discordant reads' of each RIP into contigs using CAP3 [32] and 164 realigned them against all of the subfamily sequences by BLAST [33] . We determined the 165 maximum similarity score ( ) for each subfamily based on a simple penalty algorithm as 166 following: 167
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The run time of SID was about 3 times shorter than the other two methods, showing that the 244 SID was the most time-saving method of these three (Table 1) . SID and TEA had comparable 245 sensitivity that was higher than RetroSeq, and the majority of SID detected RIPs (66.33% in 246 average) existed in TEA's result, and an average of 16.87% SID detected RIPs could be 247 generally detected by all three methods ( Fig. 2c and Additional file 2: Figure S2 ). We also 248 validated the uniquely detected RIPs by PCR, and gained an accuracy of 75.86% and 77.78% 249 for Alu and L1, respectively, revealing a higher RIPs detection accuracy (Alu: 42.10% and 250 82.61%, L1: 66.67% and 66.67%, for RetroSeq and TEA, respectively). 251
A comprehensive RIPs landscape of human population 252
We then performed RIPs detection on a much larger scale. We sequenced 90 Han Chinese 253 individuals and generated Illumina paired-end sequence data at an average depth of 68× for 254 each sample (for details see Additional file 1: Table S1 ). The dataset included two groups in 255 different regions of China, 45 samples from Northern China and 45 samples from Southern 256   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 China. Using the SID, the high depth of the dataset (much more than 30×) allowed us to build 257 a comprehensive non-reference RIPs landscape with high confidence. 258
In total we identified 9342 non-reference RIPs in autosome regions, including 6483 Alu 259 elements, 2398 L1s, 61 LTRs and 400 SVAs (Fig. 3a and for details see Additional file 1: Table  260 S7). Of this dataset, 8433 RIPs including 5826 Alu elements, 2169 L1s, 383 SVAs, 55 LTRs 261
were novel compared with dbRIP (Fig. 3b) . The average number of non-reference RIPs per 262 individual was 1394 (ranging from 1304 to 1493, Fig. 3c ), including 1110.80 Alu elements, 263 231.34 L1s, 43.14 SVAs and 9.01 LTRs, respectively, and each type of RIPs had similar 264 proportion (P = 0.6364, P = 0.2711, P = 0.2128, P = 0.5582, respectively, Wilcoxon 265 signed-rank test). We compared pair-wise individuals of all 90 samples, and the average 266 specific loci number was 672.79, almost a half (48.25%) of non-reference RIPs of one 267
individual. 268
The specific inserted location information enabled us to investigate genome-wide 269 sequence patterns of these non-reference RIPs. We observed that the non-reference RIPs 270 varied between chromosomes (Fig. 3d, e) . Of note, we found that the different two 271 subpopulations (from Southern and Northern China respectively) had a similar pattern of RIPs 272 distribution (r = 0.782, Fig. 3e and for details see Additional file 2: Figure S3 ). However, we did 273 not find obvious correlation between the distribution of non-reference RIPs and GC content, 274 fixed RIPs, as well as single nucleotide polymorphisms (SNPs) of the same sample within 10M 275 non-N bins (Additional file 2: Figure S4 ). 276
To further investigate the distribution of non-reference RIPs in functional region, we 277 annotated all of the inserted loci (Fig. 3f) known genes, we noticed that RIPs inserted genes generally had a relatively lower expression 283 level, later replication time in the cell cycle, lower GC content and lower conservation (higher 284 Ka/Ks) than the average level of all genes, respectively (P < 0.001, Wilcoxon Test; Fig. 4) . 285
Besides the gene regions，we also found that at average 9.78% and 4.93% RIPs were located 286 in enhancer regions and promoter regions per sample, respectively (Fig. 3f) . 287
Furthermore, we annotated the subfamily, the orientation and the sequence length of all 288 detected inserted retrotransposons based on regional sequence assembly and remapping to 289 the retrotransposon library. AluY sub-family constituted essentially all non-reference Alu 290 insertions, in which AluYa5 and AluYb8 were mostly active (for details see Additional file 1: 291 Table S7 ), supporting conclusions from previous studies [28, 36, 37] . L1 insertions were 292 dominated by the sub-family of L1-Pre, which was also in line with previous report [28] . 293
The orientation of one RIP is judged from the mapping orientation of contigs to 294 retrotransposon reference and the existing of poly-A or poly-T tails of inserted sequence (for 295 details see Additional file 1: Table S7 ). Previous studies reported that the gene-inserted RIP 296 had a greater influence on gene expression if it was inserted on the same orientation with the 297 target gene [2, 38] . However, we detected a comparable number of direct and reverse events 298 (0.475 and 0.525, respectively), arguing against an obvious natural selection on the RIPs with 299 consistent orientation with the inserted gene. 300 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Along with subfamily and orientation annotation, we also calculated the length of each 301 insertion sequence. We found that different types of RIP had different length distributions 302 (Additional file 2: Figure S5 ). More than half of Alu elements (~70%) were full-length while the 303 length of the L1 distributed more discretely. Most of L1s (> 80%) were fractured during the 304 process of retrotransposon, which verified previous study [13] . 305
RIPs reference of healthy people 306
The pure and comprehensive dataset of RIPs can be used as a baseline of healthy people for 307 other disease-related research, especially in single-gene disease. The candidate 308 disease-related retrotransposon insertions that were found in this dataset would be filtered. 309
We explicitly measured the overlap between our dataset and the disease-related 310 retrotransposon insertions data in dbRIP (http://dbrip.org) [39] . None of the insertion sites 311 existed in our dataset, indicating the accuracy of the database. We also tested some data of 312 cancer research. We tested the dataset of candidate cancer related somatic retrotransposon 313 insertions which was strictly generated from 11 tumor types data of The Cancer Genome Atlas 314 (TCGA) Pan-Cancer Project. None of overlapped RIPs were detected, whereas 43.36% 315 germline retrotransposons were detected. According to the comparison of colon cancer 316 specific data [9], we found two L1 insertions consistent with our dataset with frequency of 317 51/90 and 50/90. These two L1 insertions were germline retrotransposon insertions that were 318 further validated by PCR validation in Solyom's research. We also tested the candidate of 319 Hepatocellular Carcinoma specific insertions [8] and found one L1 insertion was also present 320 in our dataset with frequency of 9/90. This site was finally validated as a germline insertion by 321 PCR in that research. All of these indicated that our data provided a reference panel to wipe off 322   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 false positive insertions related to cancer. 323
Conclusions 324
In this paper, we developed a computer program SID to detect non-reference RIPs of 90 325 healthy Han Chinese individuals through high depth whole-genome sequencing. Compared 326 with TEA and RetroSeq, the SID has the fastest detection speed as well as high sensitivity and 327 accuracy. We described the landscape of RIPs distribution on population genomes, and 328 annotated the subfamily, orientation, and length of RIPs. We demonstrated that the RIPs could 329 be used as a normal baseline for retrotransposon related disease research. 330
To our knowledge, this dataset is the largest dataset for human by now. Compared with 331 1000GP result of the same samples, the majority (mean 69.68%) of RIPs in our dataset has 332 not been previously observed, suggesting that our deep-sequenced data had much higher 333 detection sensitivity than the low coverage ones. For example, it was reported that the serum 334 ACE level was determined by the Alu insertion/deletion (I/D) polymorphism in the following 335 order: DD > ID > II [40] , and the D allele of ACE gene was found to be associated with 336 essential hypertension in different populations [41] [42] [43] [44] . We found that ACE gene harbored Alu 337 insertion in the 15th intron with a frequency of 81/90 in our 90 Chinese genomes, compared 338 with the much lower frequency (7/63) in CEPH individuals [12] , which was supported by 339 previous study [45] . To our surprise, during the analysis of retrotransposon insertions of ACE, 340 we found that there was no RIPs of ACE in Han Chinese samples of 1000GP dataset, which 341 was a high-frequency inserted gene in our RIPs data. ACE specific PCR validation (for details 342 see Additional file 2: Figure S6 ) and privious study of ACE [46] indicated our result was in line 343   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 with the real situation. It can be seen that the enough depth of sequencing is very important to 344 investigate RIPs frequency and our data is able to present a better result in line with the actual 345 situation.The highly sensitive and accurate RIPs dataset gave us a perfect opportunity to 346 perform fitness analysis of RIPs. 347
This dataset can be used to compare with others to give guidance to research the 348 disease-causing mechanisms in particular population and successfully coalesced the insert 349 time of a specific locus. This dataset can also be used as a standard to other RIPs research 350 and can be a baseline to filter meaningless RIPs in the disease-causing retrotransposon 351 research. Genome-wide Association Studies (GWAS) have proven their utility in identifying 352 genomic variants associated with risk for many diseases. Unlike SNPs and copy number 353 variations (CNVs) that were widely used in GWAS, RIPs, the major contributor to human 354 variation, have always been overlooked. It is significant that this dataset provides a valuable 355 source to do GWAS and collects more markers related to complex diseases. 356
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Availability of data and materials 392
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